Abstract: An ultrabroadband silicon wire polarization beam combiner/splitter (PBCS) based on a wavelength-insensitive coupler is proposed. The proposed PBCS consists of three identical directional couplers and two identical delay lines. We design the PBCS using the 3-D finite element method. Numerical simulations show that the proposed PBCS can achieve the transmittance of more than 90% over a wide wavelength range from 1450 to 1650 nm for both TE and TM polarized modes.
Introduction
Silicon-wire waveguides have attracted attention for ultra-small optical circuits. So far, various kinds of silicon wire devices such as ring resonators [1] , arrayed waveguide gratings [2] , multi-mode interference (MMI) coupler [3] , mode multiplexer [4] have been proposed. However, silicon-wire waveguides have large polarization dependence due to the high refractive index contrast. To overcome this problem, the polarization diversity system which includes a polarization beam combiner (PBC) and a polarization beam splitter (PBS) has been presented [5] . In the polarization diversity system, a PBS splits TE and TM modes at first, and a PBC combines the TE and TM modes at last. Therefore, a PBC and a PBS with high performance are desired.
Various types of silicon-wire PBCs/PBSs (PBCSs) have been proposed based on a symmetrical directional coupler (DC) [6] , asymmetrical DCs [7] - [9] , a bent DC [10] , [11] , MMI couplers [12] , [13] , Mach-Zehnder interferometers (MZIs) [14] , and plasmonic waveguides [15] - [17] . Though DC-based PBSs have the advantage of small footprints, simplicity, and easy fabrication, DC-based PBSs are sensitive to wavelength change. More investigations for expanding the bandwidth of the DC-based PBSs are needed to achieve the broadband polarization diversity system.
In this paper, we propose a PBCS based on a wavelength-insensitive-coupler (WINC) [18] to realize an ultra-broadband PBCS. The WINC-based PBCS consists of three identical directional couplers and two identical delay lines with a point-symmetrical configuration. We design the WINCbased PBCS using the 3-D finite element method [19] . Numerical simulations show that the proposed PBCS can achieve the transmittance of more than 90% over a wide wavelength range from 1450 nm to 1650 nm for both TE and TM polarized modes. We also calculate the fabrication tolerance. The proposed PBCS has relatively good tolerance to fabrication errors. Fig. 1 shows the structure of the proposed PBCS. The proposed PBCS is based on the silicon wire PBS with the symmetrical DC [6] and the WINC with a point-symmetrical configuration [18] . In a symmetrical DC based on silicon wire, the coupling length for the TM mode is much shorter than that for TE mode due to large difference between propagation constants of TE mode and TM mode [6] . Thus, a symmetrical DC works as a PBCS. However, the DC-based PBCS is strongly dependent on wavelength change.
Design and Characteristics of WINC-Based PBS
We then use the WINC to attain a broadband PBCS. The WINC with a MZI configuration has been proposed to make a coupler independent on wavelength change [20] . The wavelengthflattened coupling characteristics are realized by using the WINC. However, it is difficult to flatten the high-transmittance bands of a cross port output [18] . Then, the WINC with a point-symmetrical configuration has been presented [18] . The WINC with a point-symmetrical configuration achieves the high-transmittance of a cross port output over a wide wavelength range [18] . We then utilize the WINC with a point-symmetrical configuration for the proposed PBCS in order to obtain an ultrabroadband PBCS.
In this paper, we assume a silicon-on-insulator (SOI) wafer with a silicon thickness of h ¼ 240 nm and the refractive indices of Si, SiO 2 , and air are 3.447, 1.444, and 1.00, respectively. The waveguide width w and the gap between the waveguides s are respectively chosen to w ¼ 500 nm and s ¼ 400 nm for TE mode not to be coupled in the coupling regions. The gap is large enough to make the fabrication easy. The bending radius R 0 at the end of the PBCS to make the two waveguides separated is set to R 0 ¼ 2 m to realize a TE-through polarizer which filters out the undesired TM mode at the through port.
In order to obtain an ultra-broadband PBCS, we need to design the length of the coupling regions and the path length difference by the two delay lines appropriately. In this paper, the path length difference by the delay line is adjusted by changing the bending radius R of the delay line, while the arc-angle is fixed to ¼ =6, as shown in Fig. 2 . Fig. 3 shows the design concept of the WINCbased PBCS. The WINC-based PBCS is composed of two identical WINC-based 3-dB couplers cascaded to be a point-symmetrical configuration. The WINC-based 3-dB coupler is designed for TM mode to be coupled 50% over a wide wavelength range according to design rules proposed in Ref. [21] . From Ref. [21] , the length L and L=2 in the WINC-based 3-dB coupler shown in Fig. 3 should be full-coupling length and half-coupling length for TM mode, respectively, and the phase shift by the delay line should be around =3.
Thus, from Fig. 3 , the length L of the coupling region of the WINC-based PBS should be chosen for most of the TM mode to be coupled to the other waveguide in each coupling region, and the bending radius R of the delay lines should be chosen for phase difference between the waveguides by the delay line to be around =3, because two identical 3-dB couplers based on the WINC are cascaded to be a point-symmetrical configuration, as shown in Fig. 3 . In this paper, we set to L ¼ 14:0 m and R ¼ 7:2 m to make the transmittance for the case of inputting TM mode as high as possible over a wide wavelength range. Fig. 4 shows the wavelength dependence of the normalized output powers at the cross port and the through port when (a) TM mode and (b) TE mode are input, respectively. The solid lines and dashed lines in Fig. 4(a) represent the results of the WINC-based PBCS and DC-based PBCS, respectively. From Fig. 4(a) , the normalized output power at the cross port of the WINC-based PBCS is more than 0.9 over a wide wavelength range from 1450 nm to 1650 nm, while the DCbased PBCS is more sensitive to wavelength change. The proposed structure can expand the bandwidth with high efficiency. In addition, from Fig. 4(b) , the normalized output power at the through port is more than 0.93 over a wide wavelength range from 1450 nm to 1650 nm, and is not sensitive to wavelength change because the TE coupling is smaller due to the longer coupling distance of the TE mode which is a result of more confinement of the TE mode to the core region compared to the TM mode. The coupling length for TE mode at wavelengths of 1450 nm, 1550 nm, and 1650 nm are respectively 1089 m, 500 m, 240 m, which is much longer than that for TM mode (around 14 m). It is possible to expect that the normalized output powers of TE and TM modes at the input port are more than 0.9 over a wide wavelength range from 1450 nm to 1650 nm when TE mode is input into the through port and TM mode is input into the cross port, because the Fig. 3 . Design concept of the WINC-based PBCS. The proposed PBCS is composed of two identical WINC-based 3-dB couplers cascaded to be a point-symmetrical configuration. The 3-dB coupler based on the WINC is designed for TM mode to be coupled 50% over a wide wavelength range according to design rules proposed in Ref. [21] . The lengths L and L=2 in the WINC-based 3-dB coupler Fig. 3 should be full-coupling length and half-coupling length for TM mode, respectively, and the phase shift by the delay line should be around =3. WINC-based PBCS has the optical reciprocity. Thus, the proposed PBCS is one of the promising PBCs for the broadband polarization diversity system. Fig. 5 shows the field distributions of the proposed PBCS when TM mode is input at wavelengths of (a) 1450 nm, (b) 1500 nm, (c) 1550 nm, (d) 1600 nm, and (e) 1650 nm. We can see that most of the input TM mode is coupled and output at the cross port at each wavelength, though the field distributions are different from each other. Fig. 6 shows the field distributions of the proposed PBCS when TE mode is input at wavelengths of (a) 1450 nm, (b) 1550 nm, and (c) 1650 nm. We can confirm that the TE mode is output at the through port without almost any coupling. Fig. 7 shows the wavelength dependence of the extinction ratio at the through port and cross port. The extinction ratio at the through port and cross port are defined as follows:
ðextinction ratio at the through portÞ ¼ 10log 10 P TE ;through P TM;through (1) ðextinction ratio at the cross portÞ ¼ 10log10 P TM;cross P TE ;cross (2) where P TE ;through and P TE ;cross respectively represent the normalized output power at the through port and cross port when TE mode is input. Similarly, P TM ;through and P TM;cross respectively represent the normalized output power at the through port and cross port when TM mode is input. From Fig. 7 , the extinction ratio at the through port and the cross port are respectively more than 17 dB and 13 dB over a wavelength range from 1450 nm to 1650 nm. The extinction ratio at the cross port can be improved by making the gap s larger or making the waveguide width w wider to suppress the coupling of TE mode in the coupling regions. Moreover, it can be expected that the extinction ratio can be improved by cascading several WINC-based PBCSs at the end of the WINC-based PBCS as demonstrated in Refs. [6] , [22] , and using another DC-based PBS such as [7] - [10] instead of the symmetrical DC-based PBS in the coupling regions. Finally, we calculate the fabrication tolerance of the WINC-based PBCS. We calculate the fabrication tolerance for only TM mode because the normalized output power for TE mode is still insensitive to wavelength change, as shown in Fig. 4(b) , due to almost no coupling for TE mode. Figs. 8 and 9 show the wavelength dependence of the normalized output power when the bending radius R of the delay lines and the gap s changes for the case of inputting TM mode, respectively. From Fig. 8 , when the Rvariation is as large as AE0:2 m, the normalized output power at the cross port is over 0.77 over a wide wavelength range from 1450 nm to 1650 nm. Moreover, from Fig. 9 , even when the gap variation is as large as AE0:2 m, the normalized output power at the cross port is over 0.8 over a wide wavelength range from 1450 nm to 1650 nm. Fig. 10(a) and (b) shows the normalized output powers when there is a waveguide (a) width w or (b) height h variation for the case of inputting TM mode at a wavelength of 1550 nm. When the w variation is as large as AE50 nm, the normalized output power at the cross port is more than 0.94, as shown in Fig. 10(a) . In addition, when the h variation is as large as AE20 nm, the normalized output power at the cross port is more than 0.88, as shown in Fig. 10(b) . Thus, the WINC-based PBCS has a relatively large fabrication tolerance.
Conclusion
We have proposed an ultra-broadband PBCS based on a WINC with a point-symmetrical configuration. The proposed PBCS consists of three identical directional couplers and two identical delay lines with a point-symmetrical configuration. We have designed the proposed PBCS using the 3-D finite element method. Numerical simulations showed that the proposed PBCS can achieve the transmittance of more than 90% over a wide wavelength range from 1450 nm to 1650 nm for both TE and TM polarized modes. Thus, the proposed PBCS is one of the promising PBCs for the broadband polarization diversity system. We have also calculated the extinction ratio and the fabrication tolerance. The proposed PBCS has good tolerance to fabrication errors. The extinction ratio at the through port and cross port are respectively more than 17 dB and 13 dB over a wavelength range from 1450 nm to 1650 nm. The extinction ratio can be improved by cascading several WINC-based PBCSs at the end of the WINC-based PBCS, and using another DC-based PBS with higher extinction ratio compared with the symmetrical DC-based PBS in the coupling regions. 
